Induction of autophagy and the integrated stress response is important for amino acid homeostasis. It remains unknown whether the autophagy coregulates both mechanistic target of rapamycin complex 1 (mTORC1)
signaling and the integrated stress response. In mouse C2C12 myotubes, we found that amino acid limitation induced autophagy and that the subsequent release of amino acid is required to sustain mTORC1 signaling. Inhibition of autophagy by bafilomycin A1 or chloroquine treatment during amino acid scarcity abolished mTORC1 signaling, an effect that could be rescued by inhibiting protein synthesis or amino acid supplementation, respectively. Autophagy is required to sustain the balance of both essential and nonessential amino acids during amino acid starvation, and it has a predominant role over the ubiquitinproteasome system in the regulation of mTORC1. Inhibition of autophagy was found to activate the integrated stress response, as well as eukaryotic initiation factor 2a (eIF2a) and its target genes independent of amino acid availability. Conversely, autophagy induction via mTOR inhibition is sufficient to reduce eIF2a phosphorylation. Thus, autophagy protects the eIF2a-mediated stress response independent of amino acid supply in cultured myotubes. Our results showed that autophagy uniquely modulates mTORC1 and the integrated stress response in an amino acid-dependent and -independent manner, respectively.-Yu, X., Long, Y. C. Autophagy modulates amino acid signaling network in myotubes: differential effects on mTORC1 pathway and the integrated stress response. FASEB J. 29, 394-407 (2015) . www.fasebj.org Key Words: skeletal muscle • protein • proteolysis • lysosome • atrophy SKELETAL MUSCLE AMINO acid homeostasis is intricately balanced by protein synthesis and degradation. Various signaling pathways sense amino acid availability to transmit the signal to skeletal muscle; the tissue is therefore extremely sensitive to both extracellular and intracellular amino acid availability (1, 2) . Mechanistic target of rapamycin complex 1 (mTORC1) is a central nutrient sensor that integrates amino acid availability with cell growth and metabolism (3) (4) (5) . Under postabsorptive conditions, anabolic growth factors such as insulin and IGF-1 activate the mTORC1-p70S6K pathway via PI3K and Akt axis. The full activation of the mTORC1-p70S6K pathway by growth factors requires the presence of amino acid, and the effects of hormonal and nutrient signals are additive (5, 6) . Thus, amino acid is a critical macronutrient that regulates mTORC1. One of the best-characterized functions of mTORC1 is to activate several aspects of mRNA translation and protein synthesis via phosphorylation of its downstream targets, including p70S6K and 4E-BPs (4, 5) . Disruption of mTORC1 signaling via genetic knockout of raptor (a component of mTORC1) is sufficient to induce skeletal muscle atrophy in mice (7) . Consistently, genetic ablation of the mTORC1 downstream target, p70S6K, induces atrophy in mouse myoblasts (8) . Thus, the overall metabolic effect of mTORC1 activation is to promote biosynthetic pathways such as protein translation, when growth factors and amino acids are available (3) (4) (5) .
The skeletal muscle amino acid pool is maintained by both extracellular amino acid availability and intracellular proteolytic systems comprising the autophagy-lysosome and ubiquitin-proteasome systems (9) (10) (11) . Extracellular amino acids stimulate mTORC1 to activate anabolic processes such as protein translation while inhibiting the catabolic pathway such as autophagy (3) (4) (5) . Autophagy is a bulk degradation process involving the sequestration of intracellular proteins and organelles in vesicles, termed autophagosomes, and the subsequent delivery of the cargo to lysosomes for proteolysis. Besides its role in the turnover of cellular proteins and organelles (12) , autophagy is an important avenue for nutrient supply, particularly of amino acid during starvation (13) . The Abbreviations: Alt, alanine aminotransferase; Ast, aspartate aminotransferase; Baf, bafilomycin A1; CAT, cationic amino acid transporter; CHOP, C/EBP-homologous protein; Chx, cycloheximide; CQ, chloroquine; EBSS, Earle's balanced salt solution; eIF2a, eukaryotic initiation factor 2a; ER, endoplasmic reticulum; Glud1, glutamate dehydrogenase 1; HRP, horseradish peroxidase; mTORC1, mechanistic target of rapamycin complex 1; Slc7a1, solute carrier family 7, member 1; Trib3, Tribbles homolog 3 ubiquitin-proteasome system degrades most cytosolic and myofibrillar proteins, and this pathway is markedly up-regulated in atrophying muscle, notably via the transcriptional induction of muscle-specific ubiquitin ligases such as atrogin-1/MAFbx and MuRF1. It has been proposed that both of these proteolytic systems regulate amino acid homeostasis via their ability to recycle proteins, particularly when amino acids are limited (13, 14) . However, it remains unclear whether the release of amino acid mediated by the 2 major proteolytic systems is of sufficient capacity to modulate mTORC1 signaling.
Another system that integrates amino acid balance with cell physiology is the integrated stress response network (15) (16) (17) . In this system, specific kinases are activated in response to different cellular stress. For example, general control nonderepressible 2 is activated by amino acid starvation, whereas protein kinase-like endoplasmic reticulum (ER) kinase is activated by ER stress (17) . The stress kinases in turn phosphorylate eukaryotic initiation factor 2a (eIF2a), and the collective effects of eIF2a activation are termed the integrated stress response (16) . Phosphorylation of eIF2a leads to inhibition of general protein synthesis but paradoxically increases the translation of selective mRNA such as ATF4 (18) . The transcription factor ATF4 in turn activates stress-responsive genes, such as Tribbles homolog 3 (Trib3) and C/EBP-homologous protein (CHOP) (18) . Thus, the phosphorylation of eIF2a is a key feature of an amino acid limitation-adaptive response, and the eIF2a-ATF4 axis has been shown to activate a number of genes involved in amino acid transport [e.g., cationic amino acid transporter (CAT)-1] and synthesis (e.g., asparagine synthetase) in response to amino acid starvation (18) . However, it remains unknown whether autophagy contributes to cellular mitigation of the integrated stress response via regulation of the amino acid pool.
Although the regulation of autophagy by mTORC1 and the integrated stress response has been reported by numerous studies (3, 4, 19, 20) , it remains largely unknown whether autophagy coregulates mTORC1 and the integrated stress response. We demonstrated here that the amino acid contributed by autophagy in cultured myotubes is the predominant source of amino acid that feeds back to sustain mTORC1 signaling when extracellular amino acids are limited. We found that autophagy inhibition increases eIF2a phosphorylation and the integrated stress response independent of amino acid availability, suggesting that basal autophagy is required to prevent the stress program. Our findings showed that regulation of mTORC1 signaling and the integrated stress response by autophagy displays differential dependence on the amino acid pool. We also found that myotubes display a highly amenable and dynamic autophagy response, and thus, myotubes offer an ideal model to study the effects of autophagy on the amino acid-sensing network.
MATERIALS AND METHODS
Bafilomycin A1 (Baf) and lactacystin were purchased from Cayman Chemicals (Ann Arbor, MI, USA). Torin 2 was from Tocris Bioscience (Bristol, United Kingdom). Chloroquine (CQ) diphosphate, cycloheximide (Chx), and spautin-1 were from Sigma-Aldrich (St. Louis, MO, USA). Antibodies specific for CHOP, LC3A, eIF2a, phospho-eIF2a (Ser51), S6 ribosomal protein, phospho-S6 ribosomal protein (Ser235/236), p70S6 kinase, and phospho-p70S6 kinase (Thr389), and ubiquitin, anti-mouse IgG, horseradish peroxidase (HRP)-linked antibody, and anti-rabbit IgG, HRP-linked antibody were purchased from Cell Signaling Technology (Danvers, MA, USA).
Cell culture
Mouse C2C12 myoblasts were maintained in growth medium (DMEM from PAA Laboratories, GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C in the presence of 5% CO 2 . To induce differentiation, 70-80% confluent myoblasts were cultured for 3 d in differentiation medium consisting of DMEM supplemented with 2% horse serum, 100 U/ml penicillin, and 100 mg/ml streptomycin.
Treatment of cells
On the third day of differentiation, C2C12 myotubes were washed once and treated with or without autophagy inhibitors in the presence or absence of amino acid (or glucose) deprivation. The basal incubation media consisted of Earle's balanced salt solution (EBSS) supplemented with 25 mM glucose, 13 MEM amino acid solution (Life Technologies, Carlsbad, CA, USA), 4 mM glutamine, 13 MEM Vitamin Solution (Life Technologies), 0.2% bovine serum albumin, 0.22% wt/vol NaHCO 3 , 100 U/ml penicillin, and 100 mg/ml streptomycin. Glucose and amino acid deprivation was performed by selective exclusion of 13 MEM amino acid solution and 25 mM glucose, respectively. Inhibition of autophagy was achieved by treating the myotubes with 200 nM Baf, 50 mM CQ, and 10 mM spautin-1. Inhibition of proteasome activity in myotubes was performed by using 8 mM lactacystin treatment, whereas 30 mM Chx was used to inhibit protein synthesis. Torin 2 at 0.25 mM in the presence of glucose and amino acid supplementation was used to inhibit mTORC1 signaling for the indicated time period.
Monitoring of GFP-LC3 puncta
Mouse C2C12 myoblasts were transfected with GFP-LC3 expression vector (Cell Biolabs, San Diego, CA, USA) and selected with 750 mg/ml G418 (Life Technologies). Selected myoblasts were then grown and differentiated on a 35 mm imaging dish (Ibidi, Martinsried, Germany), and GFP-LC3 puncta was examined in live myotubes (maintained in a 37°C chamber with 5% CO 2 ) under a Zeiss LSM 710 confocal microscope (Jena, Germany) with a 340 oil-immersion objective. Images were captured at various time points after amino acid starvation in EBSS.
Western blot
Myotubes treated in 6-well plates were lysed on ice with 200 ml RIPA buffer [25 mM Tris·HCl (pH 7.4), 150 mM NaCl, 1% vol/vol IGEPAL, 1% wt/vol sodium deoxycholate, and 0.1% wt/vol SDS] supplemented with 5 mM b-glycerophosphate, 5 mM sodium fluoride, 5 mM sodium orthovanadate, 5 mM sodium pyrophosphate, and protease inhibitor cocktail (Pierce, Thermo Scientific, Waltham, MA, USA). Cell lysate was subjected to sonication and centrifuged at 14,000 rpm at 4°C to remove cell debris. The total protein content of the homogenate was determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). Proteins were denatured in sample buffer [32.5 mM Tris·HCl (pH 6.8), 2.5% vol/vol glycerol, 1% wt/vol SDS, 0.005% wt/vol bromophenol blue, and 50 mM dithiothreitol] and heated for 10 min at 65°C. Proteins were then separated by 10% SDS-PAGE and transferred to Immun-Blot PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were blocked with 5% skimmed milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h at room temperature and then incubated with respective primary antibodies overnight at 4°C. Primary antibodies were detected using an HRP-conjugated secondary antibody followed by ECL (Pierce, Thermo Scientific) to generate the chemiluminescence signal. Band intensities were quantified using image analysis software. In figures with 2 representative blots, the longer exposures were used for quantification, and the shorter exposures were included for comparison.
Amino acid analysis
Treated myotubes on a 100 mm plate were homogenized in 450 ml of 10% 5-sulfosalicylic acid (Sigma-Aldrich) on ice. Cell lysates were then subjected to sonication and centrifuged at 14,000 rpm at 4°C to remove cell debris. The supernatant was collected, and the amino acid concentrations were analyzed by HPLC at Vanderbilt University Hormone Assay & Analytical Services Core (Nashville, TN, USA). The pellet was collected and dissolved in 500 ml RIPA buffer with protease inhibitor for protein quantification. The amino acid concentration was expressed as micromoles or nanomoles per micrograms of protein.
Quantitative real-time PCR
C2C12 myotubes in 6-well plates were treated with or without Baf (200 nM) in the presence or absence of amino acid deprivation. RNA was purified using the ReliaPrep RNA Cell Miniprep System (Promega, Madison, WI, USA) according to the manufacturer's recommendations, and 1 mg total RNA was subjected to reverse transcription using the ImProm-II Reverse Transcription System (Promega). Real-time PCR was performed on an ABI 7300 Real-Time PCR System (Life Technologies) using SYBR Green Select Master Mix (Applied Biosystems, Carlsbad, CA, USA). The primer sequences for genes analyzed in this study are listed in Table 1 . The relative quantitative method was applied for data analysis, by normalizing the mRNA level of all genes against that of the housekeeping gene, b-actin.
Statistical analysis
Data are presented as the mean 6 SEM. Differences among groups were determined by ANOVA followed by Fisher's least significant differences post hoc analysis. Statistical significance was accepted at P , 0.05.
RESULTS
Autophagy inhibition suppressed mTORC1 signaling and induced eIF2a phosphorylation C2C12 myotubes were deprived of amino acid supplementation for 4 h to induce autophagy, and the inhibition of autophagy was achieved by Baf treatment. In the presence of amino acid, inhibition of autophagy with Baf caused a modest reduction in the phosphorylation of p70S6K (T389), a direct downstream target of mTORC1 ( Fig. 1A) , suggesting that autophagy inhibition did not contribute significantly to amino acid balance when extracellular amino acids are available. Amino acid starvation also caused a mild reduction in the phosphorylation of p70S6K (T389) and its direct downstream target S6 (S235/ 236), suggesting that mobilization of intracellular amino acid supply is sufficient to sustain mTORC1 signaling ( Fig. 1A, B ). However, autophagy inhibition during amino acid deprivation led to a striking ablation of p70S6K and S6 phosphorylation ( Fig. 1A, B ), providing evidence that autophagy is a significant source of intracellular amino acids for the activation of the mTORC1 pathway when amino acids are scarce. Inhibition of autophagy Baf treatment was confirmed by the increase in the LC3AII:LC3AI ratio ( Fig. 1D ). Although numerous studies have reported the regulation of autophagy by mTORC1 (3-5), our results revealed an effect of autophagy on the mTORC1 pathway. A shorter period of amino acid starvation (2 h) and Baf treatment (1 h) further confirmed the induction of autophagy, as evidenced by the increase in the LC3AII:LC3AI ratio ( Fig. 1E ). Autophagy was not further induced by glucose deprivation, suggesting that amino acid deprivation is the main inducer of autophagy in the myotubes. In contrast to mTORC1 signaling, autophagy inhibition increased the Effects of autophagy inhibition on mTORC1 signaling and eIF2a phosphorylation. Cultured C2C12 myotubes were treated with or without Baf in the presence or absence of amino acid (AA) limitation for 4 h, followed by immunoblot assay of (A) phospho-p70S6K (T389), (B) phospho-S6 (S235/236), (C) phospho-eIF2a (S51), or (D) LC3A. E) Cultured C2C12 myotubes were treated with or without amino acid limitation in the presence or absence of glucose for 2 h, and Baf was added at the final 1 h, followed by immunoblot assay of LC3A. F) Cultured C2C12 myotubes were amino acid starved for various durations in the presence or absence of Baf followed by immunoblot assay of phospho-p70S6K (T389), phospho-eIF2a (S51), or LC3A. G) Cultured C2C12 myotubes expressing GFP-LC3 were amino acid starved, and GFP-LC3 puncta was monitored at different time points of amino acid starvation. Data are expressed as a fold of control (myotubes treated with amino acid and without bafilomycin). Long exp, longer exposure; Short exp, shorter exposure. Data are the mean 6 SEM for n = 6 samples. *P , 0.05; **P , 0.01. phosphorylation of eIF2a (S51) both in the presence and absence of amino acid supplementation (Fig. 1C) .
In order to assess the temporal dynamics of autophagyregulated mTORC1 signaling and the integrated stress response, myotubes were deprived of amino acids, and p70S6K and eIF2a phosphorylation was assessed in a timedependent manner ( Fig. 1F ). Phosphorylation of p70S6K (T389) was reduced most strikingly after 0.5 and 1 h of amino acid starvation, but the signal was progressively restored at 2-4 h following the activation of autophagy as indicated by the LC3AII:LC3AI ratio and GFP-LC3 puncta ( Fig. 1F-G) . Importantly, restoration of mTORC1 signaling is abolished by the inhibition of autophagy with Baf. Conversely, phosphorylation of eIF2a (S51) was induced by the inhibition of autophagy independent of amino acid availability (Fig. 1F ). These data suggested that autophagy is required to mitigate the integrated stress response independent of amino acid availability, whereas autophagyregulated mTORC1 signaling is dependent on restoration of the amino acid pool.
Autophagy is the primary proteolytic pathway in myotube amino acid homeostasis
The autophagy-lysosome and ubiquitin-proteasome systems are the 2 main cellular proteolytic systems supplying amino acids for energy and biosynthetic pathways during starvation (13, 14, 21) . Although short-lived proteins are broken down by proteasomes, long-lived proteins are degraded by autophagy (1) . To assess the relative contribution of these systems in amino acid homeostasis, we blocked the proteasome pathway with lactacystin in the presence or absence of Baf for 2 h with amino acid restriction. Elevation of ubiquitinated proteins confirmed that the ubiquitin-proteasome activity was inhibited by lactacystin treatment, whereas Baf did not have a discernible effect on ubiquitination ( Fig. 2A) . Consistent with the data in Fig. 1A , Baf reduced p70S6K (T389) phosphorylation, albeit this was to a lesser extent because of the shorter (2 h compared with 4 h) treatment period (Fig. 2B) . In contrast to Baf, lactacystin treatment alone neither inhibited mTORC1 signaling nor imposed any additional inhibitory effect on mTORC1 in the presence of Baf (Fig. 2B) . The consistency in the LC3AII:LC3AI ratio confirmed that lactacystin did not influence autophagy flux (Fig. 2C) . The capacity of myotubes to sustain mTORC1 signaling during amino acid starvation is also impaired when autophagy induction is blocked by spautin-1 (Supplemental Fig. 1A ) (22) , and the reduction of the LC3AII:LC3AI ratio in response to spautin-1 treatment demonstrated the inhibition of autophagy induction (Supplemental Fig. 1C ). Thus, autophagy is the primary system involved in maintaining amino acid balance when the nutrient is limiting in myotubes.
Protein synthesis inhibition restored mTORC1 signaling during autophagy blockade
Autophagy serves as an important mechanism for liberating cellular macronutrients, such as carbohydrates, in addition to amino acids (13, 23) . In order to verify whether changes in the intracellular amino acid alone could account for the autophagy-mediated regulation of the mTORC1-p70S6K axis, we treated myotubes with Chx (a protein translation inhibitor) to block the depletion of amino acid. Under amino acid-starved conditions, autophagy inhibition greatly attenuated mTORC1 signaling, as demonstrated by the low level of p70S6K (T389) and S6 (S235/236) phosphorylations, but these phosphorylations could be restored in response to Chx treatment (Fig. 3A, B) . Thus, inhibition of protein translation is sufficient to restore the amino acid deficit caused by autophagy inhibition during amino acid limitation. Chx treatment markedly reduced the accumulation of LC3AII under Baf treatment, indicating that restoring the amino acid balance by inhibiting translation is sufficient to decelerate autophagy flux in myotubes (Fig. 3D) . When Chx was used to inhibit protein translation, eIF2a (S51) phosphorylation was markedly reduced, providing evidence that the integrated stress response caused by autophagy inhibition can be alleviated by a reduction in protein translation (Fig. 3C ).
Amino acid rescued mTORC1 but not eIF2a activation during autophagy inhibition
To confirm the effects of autophagy inhibition on mTORC1 signaling and that the integrated stress response is not due to the direct inhibition of vacuolar-type H+-ATPase (vATPase) by Baf, we utilized CQ (an inhibitor of endosomal acidification) to block autophagy (24) . An increase in the LC3AII:LC3AI ratio confirmed that CQ treatment effectively inhibited autophagy (Fig. 4D) , causing a marked reduction in the phosphorylation of p70S6K (T389) and S6 (S235/236) under amino acid-restricted conditions (Fig. 4A, B) . To address the role of amino acid in autophagy-mediated mTORC1 and eIF2a regulation, amino acids were supplemented into the media for the final 1 h incubation. We found that amino acid supplementation could restore p70S6K and S6 phosphorylations (Fig. 4A, B) , in agreement with the notion that autophagy failure inhibits mTORC1 activity due to amino acid insufficiency. However, the phosphorylation of eIF2a (S51) was not relieved by amino acid supplementation (Fig. 4C) ; this result is consistent with the idea that amino acid imbalance is not the main inducer of the integrated stress response caused by autophagy inhibition.
Autophagy regulates the transcription of amino acid metabolic genes
Numerous translational and transcriptional adaptations of the integrated stress response are regulated by eIF2a, including the expression of genes involved in amino acid transport and synthesis (15) (16) (17) . Given that autophagy inhibition consistently activated eIF2a, regardless of amino acid availability (Figs. 1, 3, and 4) , we evaluated whether this effect was sufficient to alter metabolic gene expression. Inhibition of autophagy, independent of the presence of extracellular amino acid, elevated the expression of Trib3 and solute carrier family 7, member 1 (Slc7a1) (Fig. 5A) , 2 gene targets of eIF2a (16) . Although Trib3 and Slc7a1 are known to be amino acid-regulated genes, the data showed that autophagy inhibition alone was sufficient to induce the gene expression regardless of extracellular amino acid availability. Amino acid limitation alone did not induce the expression of Trib3 nor Slc7a1 (Fig. 5A ), suggesting that autophagy is the main regulator of the gene response in the myotube. Consistently, autophagy inhibition induced the expression of amino acid metabolic genes, including alanine aminotransferase (Alt), aspartate aminotransferase (Ast), and glutamate dehydrogenase 1 (Glud1), again, independent of extracellular amino acid supply (Fig. 5B) . Thus, our data demonstrated that autophagy inhibition is sufficient to elicit the amino acid transcriptional program, even when amino acids are available.
Autophagy regulates eIF2a phosphorylation and the integrated stress response
In addition to amino acid, the integrated stress response is sensitive to cellular glucose and energy level (25) . We next asked whether autophagy exerts a similar effect on the integrated stress response in the absence of glucose. The integrated stress response converges on eIF2a to promote cell survival through downstream transcriptional factors, such as C/EBP homology protein (CHOP) (17) . We show that glucose deprivation alone caused a mild elevation in eIF2a (S51) phosphorylation (Fig. 6A) without any discernible effect on the LC3AII:LC3AI ratio (Fig. 6C ). However, autophagy inhibition exacerbated the effect of glucose starvation on eIF2a phosphorylation ( Fig. 6A ) with elevated CHOP levels confirming this additive effect ( Fig.   Figure 3 . Effects of protein synthesis inhibition on mTORC1 and eIF2a signaling during blockade of autophagy. Cultured C2C12 myotubes were treated with or without Chx in the presence or absence of Baf for 4 h under amino acid restriction, followed by immunoblot assay of (A) phospho-p70S6K (T389), (B) phospho-S6 (S235/236), (C) phospho-eIF2a (S51), or (D) LC3A. Data are expressed as a fold of control (myotubes treated without Chx or bafilomycin). Data are the mean 6 SEM for n = 6 samples. *P , 0.05; **P , 0.01. 6B). Our result also demonstrated that autophagy inhibition elicited a stronger integrated stress response in myotubes when compared to glucose deprivation.
Our data consistently showed that autophagy inhibition induced eIF2a (S51) phosphorylation ( Figs. 1, 3, and 4) . Thus, we next sought to determine whether the induction of autophagy alone, in the presence of amino acid, is sufficient to reduce eIF2a (S51) phosphorylation. To this end, we utilized Torin 2 (an mTOR inhibitor) to induce autophagy and assessed the effect on eIF2a phosphorylation in myotubes. Torin 2 treatment abolished p70S6K (T389) phosphorylation ( Fig. 6F) and potently induced autophagy, as confirmed by the increase of the LC3AII: LC3AI ratio (Fig. 6E) . The induction of autophagy led to a time-dependent reduction in the eIF2a (S51) phosphorylation ( Fig. 6D) . Thus, inhibition of autophagy induced while activation of autophagy reduced eIF2a (S51) phosphorylation, suggesting that autophagy modulates the integrated stress response in myotubes.
Autophagy controls essential and nonessential amino acid homeostasis
Although the role of autophagy in amino acid homeostasis is well recognized, the precise contribution of autophagy to the intracellular fractions of the essential and nonessential amino acid pools remains unknown. To assess autophagymediated amino acid balance, we measured individual amino acid concentrations in myotubes in response to a 4 h autophagy inhibition with or without amino acid restriction. Inhibition of autophagy via Baf treatment in the presence of amino acid did not alter the amino acid profile ( Fig. 7 and Table 2 ), suggesting a minor role of autophagy in basal amino acid homeostasis. Under amino acid-restricted conditions, however, we observed a reduction in the intracellular threonine concentration, which was further aggravated by autophagy inhibition (Fig. 7A) . The intracellular lysine concentration remained unaltered during amino acid limitation, possibly due to the release of intracellular lysine via proteolysis. Indeed, when autophagy was inhibited, the myotubes lost the ability to sustain intracellular lysine levels (Fig. 7A) . Thus, autophagy is vital in maintaining these 2 critical essential amino acids during amino acid insufficiency. Amino acid deprivation led to a marked decrease in other essential amino acids that fell below the detection limit, and as expected, they remained undetectable when autophagy was blocked ( Table 2 ). In contrast to essential amino acids, the levels of nonessential amino acids were paradoxically elevated during amino acid starvation ( Fig. 7B-D) . The data suggested that the proteolytic systems generate excess nonessential amino acids or nitrogen that is required for their synthesis but cannot meet the cellular demand for essential amino acids when the nutrient is limiting. However, autophagy is still necessary for maintaining the nonessential amino acid balance because Baf abolished its elevation when amino acid is limiting. Thus, autophagy uniquely regulates both essential and nonessential amino acid balance in myotubes during amino acid starvation.
DISCUSSION
Given its critical role in amino acid homeostasis, skeletal muscle amino acid balance is regulated by numerous signaling networks including mTORC1 and the integrated stress response, to control amino acid and protein synthesis. The amino acid store can also be mobilized by the autophagy-lysosome and ubiquitin-proteasome proteolytic systems (10, 11, 26) , and amino acid starvation potently induces the integrated stress response in various cell models to activate the amino acid transcriptional program (15) (16) (17) . However, it remains to be demonstrated whether autophagy differentially regulates the mTORC1 pathway and the integrated stress response.
Cultured myotubes have a remarkable capacity to sustain amino acid balance via proteolysis, as demonstrated by the modest reduction in mTORC1 signaling during amino acid restriction (Fig. 1A) . Our data suggested that during amino acid limitation, the proteolytic systems can mobilize intracellular amino acid stores to sustain mTORC1 signaling. Indeed, mTORC1 signaling was Figure 6 . Effects of autophagy inhibition or induction on the integrated stress response. Cultured C2C12 myotubes were treated with or without Baf in the presence or absence of glucose for 4 h, followed by immunoblot assay of (A) phospho-eIF2a (S51), (B) CHOP, or (C) LC3A. Data are expressed as a fold of control (myotubes treated with glucose and without bafilomycin). Cultured C2C12 myotubes were treated with Torin 2 (mTOR inhibitor) for the indicated durations, followed by immunoblot assay of (D) phospho-eIF2a (S51), (E) LC3A, or (F) phospho-p70S6K (T389). Data are expressed as a fold of control at 0 h. Data are the mean 6 SEM for n = 6 samples. *P , 0.05; **P , 0.01. reduced transiently in response to amino acid starvation, but the signal was restored progressively following the induction of autophagy (Fig. 1F) . Importantly, inhibition of autophagy alone during amino acid restriction is sufficient to abolish mTORC1 signaling (Fig. 1A, F) . Thus, during amino acid starvation, autophagy-mediated proteolysis is required to sustain mTORC1 signaling. The ubiquitin-proteasome system degrades most cytosolic and (27, 28) , whereas the autophagylysosome pathway degrades most organelles and membrane proteins encapsulated by autophagosomes (12) . Because both pathways are considered to be a primary source of intracellular amino acid pools (13, 14) , we assessed the relative contribution of the 2 pathways in the regulation of the mTORC1 pathway. Blockade of the proteasome pathway with lactacystin under amino acid restriction did not induce a noticeable reduction in p70S6K phosphorylation, despite a significant accumulation of ubiquitinated proteins ( Fig. 2A, B) . However, Baf treatment alone significantly reduced phospho-p70S6K, and this effect was not further aggravated by proteasome inhibition. Our results showed that the fraction of amino acid contributed by autophagy in myotubes is the primary source that regulates amino aciddependent mTORC1 signaling during amino acid limitation. This result is in contrast with previous reports that proteasome is the primary proteolytic system for amino acid homeostasis in HeLa cells (14, 21) . Thus, the cellular reliance on autophagy or proteasome for amino acid homeostasis is dependent on the cellular context.
In addition to its function in recycling proteins, autophagy is an important mechanism for the liberation of other cellular macronutrients (29) . Thus, it is possible that macronutrients released by autophagy including carbohydrates, lipids, nucleosides, and amino acids are collectively required to sustain mTORC1 activity. Indeed, it is known that besides amino acid, glucose can regulate the mTORC1 pathway via its effects on AMP-activated protein kinase (4, 5) . To test whether restoration of intracellular amino acid alone is sufficient to account for autophagyregulated mTORC1 signaling, we blocked translation during amino acid restriction and found that the deleterious effect of autophagy inhibition on mTORC1 signaling is rescued when amino acid consumption is blocked (Fig.  3A, B) . Thus, amino acid is the primary macronutrient of autophagy that regulates mTORC1 signaling. The restorative effects of amino acid balance by blocking protein synthesis can also be observed by a reduction in autophagy flux, demonstrated by a reduction in LC3AII accumulation (Fig. 3D) . Thus, autophagy regulates mTORC1 signaling primarily via intracellular amino acid release, and autophagy itself is highly sensitive to the consumption of amino acid during the process of protein synthesis.
The dependence of mTORC1 signaling on autophagysupplied amino acids was also observed under CQ treatment in myotubes. When autophagy was inhibited by CQ during amino acid deprivation, mTORC1 signaling was completely abrogated, an effect that could be completely rescued by the subsequent addition of amino acids into the culture media ( Fig. 4A ). Thus, autophagy regulates mTORC1 activity via the supply of amino acids when the macronutrient is scarce, and either the constant presence or readdition of exogenous amino acids is sufficient to override the role of autophagy. Consistently, the ability of myotubes to sustain mTORC1 signaling during amino acid starvation is impaired when autophagy induction is blocked by spautin-1 (Supplemental Fig. 1A, C) . CQ (a lysosomal acidification inhibitor) and Baf (a lysosomal v-ATPase inhibitor) block the terminal stages of autophagy, whereas spautin-1 (promotes the degradation of Vps34 complexes) inhibits autophagy induction (22, 24) . Despite their distinct mode of actions, the 3 inhibitors abolished mTORC1 activity during amino acid limitation, indicating that autophagy-mediated proteolysis is required to sustain mTORC1 signaling when the nutrient is scarce. Our results also showed that cultured myotubes display a highly amenable and dynamic autophagy flux in response to amino acid availability, making them an ideal model for the study of autophagy.
In the presence of amino acid, the inhibition of autophagy had a very modest effect on p70S6K phosphorylation ( Fig. 1A ), suggesting that basal autophagy does not contribute significantly to the amino acid pool. Indeed, autophagy inhibition in the presence of extracellular amino acids did not alter the intracellular amino acid profile of myotubes ( Fig. 7 and Table 2 ). Nonetheless, autophagy inhibition consistently induced the integrated stress response in myotubes, as evidenced by the increase in eIF2a (S51) phosphorylation, independent of amino acid availability (Figs. 1C, 3C, and 4C) . Conversely, induction of autophagy by mTOR inhibitor treatment was sufficient to reduce eIF2a phosphorylation in myotubes (Fig. 6D ). Although the amino acid balance is known to activate eIF2a, our results demonstrated that autophagy plays a dominant role in the regulation of eIF2a in a manner that is independent of amino acid availability. Our findings also corroborated the previous observation that leucine starvation in myotubes did not affect eIF2a phosphorylation, despite a significant reduction in p70S6K phosphorylation (30) . However, reduced protein load to the ER, mediated by protein synthesis inhibition, effectively relieved eIF2a phosphorylation, suggesting that autophagy inhibition causes ER stress at least in part via protein overloading (Fig. 3C) . Although inhibition of the terminal stages of autophagy (by bafilomycin and CQ) induced the integrated stress response, such an effect was not observed when autophagy induction was inhibited by spautin-1 ( Supplemental Fig. 1B) . The contrasting effects suggested that mitigation of the integrated stress response in cultured myotubes may be more dependent on microautophagy and chaperone-mediated autophagy, which was less limited by autophagosome formation (31, 32) . Although numerous studies have shown that ER stress activates autophagy to mitigate cellular stress (19, 20) , our results revealed that autophagy is required to prevent the integrated stress response. Mammalian cells activate the integrated stress response to cope with various metabolic challenges including amino acid starvation and ER stress, and eIF2a plays a central role in mediating the translational and transcriptional adaptations of this stress response (15) (16) (17) . Phosphorylation of eIF2a diminishes general protein translation but paradoxically increases translation of selected mRNA species, including the transcription factor ATF4, which in turn induces the expression of multiple genes involved in amino acid transport and synthesis (18) . We found that autophagy inhibition is sufficient to increase the expression of Trib3 and Slc7a1 (Fig. 5A ), 2 genes that contain an amino acid response element and are regulated by eIF2a (18) . Although the expression of Trib3 or Slc7a1 is surmised to be amino acid regulated, we found that autophagy inhibition alone induced the expression of these genes independent of amino acid availability. Thus, despite previous notions, autophagy is the main regulator of these integrated stress response-induced genes in myotubes. Furthermore, although glucose deprivation is a potent inducer of the integrated stress response in myotubes (25) , we found that autophagy inhibition induced a stronger integrated stress response in comparison to glucose deprivation in myotubes. The level of eIF2a phosphorylation and protein content of CHOP (a transcriptional regulator of Trib3) were markedly increased in response to autophagy inhibition (Fig. 6A, B) . Consistently, autophagy inhibition alone induced the expression of Alt, Ast, and Glud1, all independent of amino acid availability (Fig. 5B) , indicating that autophagy is required to prevent the integrated stress response, even when amino acids are available.
The function of autophagy in recycling amino acids during starvation is well recognized. However, the actual contribution of autophagy to the essential and nonessential amino acid pool is poorly understood. We found that inhibition of autophagy in the presence of extracellular amino acids did not interfere with the amino acid profile ( Fig. 7 and Table 2 ), indicating its minor role in basal amino acid homeostasis. Nonetheless, we observed that the intracellular threonine concentration decreased in response to amino acid deprivation, with the reduction further aggravated by autophagy inhibition (Fig. 7A ). Interestingly, intracellular lysine levels remained unchanged during amino acid restriction, suggesting that mobilization of intracellular amino acid via proteolysis is sufficient to meet the cellular demand. Under autophagy inhibition, however, the cellular capacity to maintain lysine levels was abolished (Fig. 7A ), providing evidence that autophagy is a critical supplier of lysine in myotubes when amino acid is scarce. These results thus provided support for the critical role of autophagy in the maintenance of threonine and lysine (2 critical essential amino acids) levels during amino acid scarcity. During amino acid deprivation, we also observed a drastic decrease in other essential amino acids that fell below the detection limit and, as expected, remained too low for detection when autophagy was blocked ( Table 2 ). In contrast to the essential amino acids, the levels of nonessential amino acids were paradoxically elevated in response to amino acid starvation ( Fig. 7B-D) , suggesting that the proteolytic systems generated excess nonessential amino acids or nitrogen that is required for their synthesis, in an attempt to meet the cellular demand for essential amino acids. Nonetheless, autophagy is still required to sustain the nonessential amino acid balance because autophagy inhibition alone is sufficient to abrogate the elevation when amino acid is limiting. Overall, our results showed that autophagy differentially regulates both the essential and nonessential amino acid balance in myotubes during amino acid restriction.
Our results provided evidence that autophagy modulates the mTORC1 pathway specifically via its capacity to release the intracellular amino acid store, rather than a general supply of degraded macronutrients such as carbohydrates, lipids, or nucleosides. Furthermore, autophagy prevents the integrated stress response and is a major regulator of this adaptation, regardless of amino acid availability. Although down-regulated mTORC1 is associated with increased autophagy and skeletal muscle atrophy (33), our results suggest that autophagy inhibition in the disease state may further disrupt the mTORC1 pathway, which is already impaired, and exacerbate the integrated stress response. Consistent with this notion, autophagy inhibition in mouse skeletal muscle induces muscle atrophy and aggravates muscle loss during starvation (34) (35) (36) . Our current results provided evidence that autophagy differentially modulates both the mTORC1 pathway and integrated stress response, a link that is critical for the treatment and prevention of diseases including muscle disorders.
